For carbonylations, metal carbonyls, particularly cobalt and iron carbonyls, are often used as catalysts. These reactions take place under rather drastic reaction conditions, e.g. 200-300 "C and 60-100 MPa. In some patents it is stated that similar reactions using the same catalysts can also be carried out under rather mild reaction conditions, such as O-l 00 "c and O-2.5 MPa.
Kurzfassung
A possible reaction scheme for the carbonylation of benzyl chloride to phenyl acetic methyl ester is the following:
I/ tl R-C-Co(CO&, + NaOCHs ---+ R-C-OCHs + Na+ with R-= C6HS-CHz-.
The most important side reaction is the non-catalysed formation of methyl benzyl ether: R-Cl + NaOCHs -R-0-CHs + NaCl (Iv) By means of a reaction between the cobalt complex R-COB and sodium methylate the ether may also be formed. Using sodium hydroxide or an amine instead of sodium methylate, it is possible to form phenyl acetic acid or an amide. Dynamit Nobe1'A.G. [5-s] carbonylated benzyl chloride at 55 "C and a CO partial pressure of 0.4-0.6
MPa. In our case we wanted to get data on the influence of temperature and CO partial pressures on the carbonylation yield and selectivity in order to obtain information on the suitability of the low pressure carbonylation for the manufacture of fine chemicals. to carry out carbonylation of chlorides, all having one aspect in common: by keeping the concentration of one (or both) reactant(s) low, side reactions can be suppressed to a great extent. These possibilities are:
Literature survey
(1) the reaction mixture consisting of a solution of sodium methylate in methanol and containing the catalyst-the chloride to be carbonylated (if necessary dissolved in methanol)
is slowly added to the reaction mixture;
(2) the reaction mixture consisting of a mixture of chloride, methanol and catalyst-a sodium methylate solution is slowly added to the reaction mixture ;
(3) the reaction mixture consisting of a solution of catalyst in methanol-a sodium methylate solution in methanol and the chloride are both added slowly and separately to the reaction mixture.
All three possible methods are applied to carbonylate aromatic chlorides [5-81. Using methods (2) and (3) benzyl chloride can be converted into phenyl acetic methyl ester with a high yield. Method (l), slow addition of benzyl chloride, is used by Sawicki [20] and carried out at 0 "c and a CO partial pressure of 0.1 MPa. The phenyl acetic methyl ester yield is just 5%; the main product is found to be methyl benzyl ether. On mixing the sodium methylate with alumina, the phenyl acetic methyl ester yield increases to 20%. The product yield can be increased to 70% by using an activated sodium methylate/alumina base. All the experiments mentioned are carried out in a homogeneous liquid phase. It is also possible to carry out the reaction in a heterogeneous liquid system [21] consisting of an organic phase containing the catalyst and a water phase. The water phase is used to extract the desired product out of the organic reaction phase. In this way the product concentration in the reaction phase can be kept low and the main product now is not an ester but an acid. The conversion of these reactions is relatively low and 60% at maximum.
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Experimental set-up and technique
All the experiments were carried out in the experimental installation described in Fig. 1 . The heart of the installation is the autoclave: the volume of this steel reactor is 845 ml. The temperature is measured in the liquid. The CO pressure can be kept constant to within 0.02 MPa. Gas and liquid are mixed by a magnetically operated pulsating stirrer. The reactant to be added is injected with a precision piston pump (Geveke type Lewa HL2). The flow can be measured with a calibrated glass burette. The reactant to be injected is stored under a nitrogen atmosphere.
The carbon monoxide buffer has a volume of 1024 ml; the pressure and temperature are recorded.
The reactor is heated with an external handcontrolled electrical heater or cooled by blowing air around the vessel. Because the benzyl chloride is corrosive [22, 23] , the reaction was carried out in a glass vessel inserted in the autoclave; the inserted vessel has a volume of around 500 ml and can be filled with a maximum of 250 ml of liquid. This made temperature control very difficult, consequently temperature rises of 15-30 "C could occur during an experiment.
Therefore all experimental temperatures given in this study are averages. The adiabatic temperature rise for the average reactant concentration used was calculated to be 150-160 "C. Using a minimum of methanol, pure benzyl chloride and a 30 wt.% sodium methylate solution in methanol, the adiabatic temperature rise even increases to 270-280 "C. The reactant supply during an experiment is kept constant by controlling the flow and is expressed as moles reactant added per mole of the other reactant in the reaction mixture per second. During a series of experiments only one of the process parameters such as the CO partial pressure, the average reactor temperature, the reactant addition rate or the pulsation rate was varied at a time. The experiments were carried out either according to method 1, the slow addition of benzyl From the pressure decrease and temperature change of the CO storage vessel the amount of CO consumed is calculated. The CO consumption rate is a direct measure of the reaction rate.
Description of a typical experiment
40 g (1.25 mol) methanol, 54.4 g (0.43 mol) benzyl chloride and 1.9 g (5.6 mmol) dicobalt octacarbonyl with a total volume of about 100 ml were placed in the reaction vessel; the solution to be added during the run consisted of 96.3 g (3.0 mol) methanol and 24.4 g (0.45 mol) sodium methylate with a total volume of about 135 ml. All chemicals were reagent grade from Merck. After closing the reactor, rinsing with CO and pressurizing the reactor, and if necessary heating up the reaction mixture, the reactor conditions were kept constant for half an hour in order to reach steady state conditions. Then the second reactant was slowly added at the desired flow rate. The reaction is considered to be terminated when the pressure decrease in the CO storage vessel is less then 0.02 MPa in 15 minutes. Then the reactor was depressurized and rinsed with nitrogen. The reactor contents were analysed with a gas chromatograph. A Varian 6000 with a thermal conductance detector was used, together with a Hewlett Packard integrator (type HP 3392 A), or a Varian 3400 with a flame ionization detector.
In both gas chromatographs a 2 m X l/4 in. glass column packed with 5% FFAP on chromosorb W-HP (go/100 mesh) was used.
With the composition data obtained the conversion and selectivity were calculated according to: 
AU other experiments were executed in a similar way.
Experimental results and their discussion
The results of the experiments are given in Table 1 Fig. 2(a) ), whereas the selectivity increases with increasing CO partial pressure. At high CO partial pressure the formation of phenyl acetic methyl ester is favoured over the formation of benzyl methyl ether. The conversion is strongly influenced by the average reactor temperature (Fig. 2(b) ). At low temperatures the conversion is low because of too low reaction rates. High reaction temperatures probably cause a deactivation of the catalyst. When the When the sodium methylate is added slowly to the reaction mixture the CO partial pressure has a strong influence on the conversion (Fig. 3(a) ). The conversion '-.
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CO partial cv-ess (MPa) T('C1 sharply decreases when the CO partial pressure becomes lower than 0.4 MPa: apparently the CO shortage decreases the reaction rate and increases the catalyst deactivation.
The decrease of the reaction rate is accompanied by a rise in the sodium methylate concentration which in turn brings about a decline in selectivity.
The conversion also decreases at CO partial pressures higher than 0.85 MPa. Two possible explanations are as follows.
(1) An intermediate step in the reaction is the equilibrium R-Cl + COGe R-COB + CO + Cl-
At high CO partial pressures this equilibrium moves to the left, causing a decrease in reaction rate.
(2) The following equilibrium occurs :
Cobalt complex R-C-Co(CO)+,, formed at high CO partial pressures, does not react with sodium methylate, so that a part of the catalyst becomes inactive.
We are unable to make a choice between these two explanations.
It is known that cobalt carbonyls can lose a ligand [24, 25] ; HCo(CO)a can be formed from HCO(CO)~. This points to explanation (1) . In the literature there is no evidence supporting the second explanation which is based on the hydroformylation reactions, where a similar complex like R-(CO)--COG is not split by hydrogen.
In the carbonylation reactions the splitting is not effectuated by the lightly active hydrogen but by the very reactive sodium methylate.
It is questionable whether R-(CO)-Co(CO), is stable enough to resist an attack by sodium methylate.
Probably the first explanation is correct. The fact that conversion and selectivity decrease at pressures beyond 0.8 MPa does not have to be in contradiction with the knowledge that industrial carbonylation processes are operated at 60-100 MPa. Industrial processes are not only operated at high CO pressures but also at high temperatures (200-300 "C). The optimum pressure interval will shift to higher pressures as the temperature increases; a high CO pressure is needed to stabilize cobalt carbonyl at high temperatures.
The effect of temperature on conversion and selectivity of the carbonylation process for slow addition of the sodium methylate ( Fig. 3(b) ) is about the same as that for slow addition of benzyl chloride. At a constant CO partial pressure there is an optimum in temperature where the conversion and selectivity are maximum. The exact location of this maximum is probably determined by the CO partial pressure.
The deactivation rate of the catalyst at high temperatures can be decreased by raising the CO partial pressure.
Conversion and selectivity are also influenced by the addition rates of sodium methylate (Fig. 4(a) ). At low addition rates the loss in conversion is caused by a slow but steady deactivation of the catalyst owing to intrinsic decomposition.
The sodium methylate concentration is always very low, therefore the selectivity is high. At high sodium methylate addition rates the conversion decrement is caused by an increasing sodium methylate concentration which deactivates the catalyst and/or a limited rate for the CO transport from the gas phase to the liquid phase. Both these effects, a high sodium methylate concentration and a limited CO transport rate, cause an increase in catalyst deactivation and therefore a decrease in conversion.
Because of an increasing sodium methylate concentration the reaction rate of the non-catalysed benzyl methyl ether formation is increased, so that the selectivity decreases. A third possibility is that the reaction rate is the limiting factor; in that case a high sodium methylate concentration causes the decrease in catalyst activity.
The CO consumption rate, for slow addition of sodium methylate, is constant during the addition of the first 80% of the sodium methylate:
in Fig. 5 the CO consumption rate is plotted against the sodium methylate addition rate. Both the CO consumption rate and the sodium methylate addition rate are expressed in mol per mol benzyl chloride in the reaction mixture per second. The CO consumption rate is almost equal to the sodium methylate addition rate up to an addition rate of 0.360 X 10e3 mol mol-' s-'. At higher addition rates the CO consumption rate is limited by the CO transport from the gas to the liquid phase or by the reaction rate: less CO is consumed by reaction than can be consumed, according to the amount of sodium methylate added. At addition rates between 0.280 X low3 mol mol-' s-l where the conversion reaches its maximum (see Fig. 4(a) ) and 0.360 X 10e3 mol mall' s-r the CO transport rate or the reaction rate starts to become limiting, so that the liquid phase is no longer saturated with CO. The results given in Fig. 4(b) demonstrate that the CO transport from the gas to the liquid phase becomes the controlling factor at low mixing intensities. This can be seen from the decrease in conversion and selectivity at low mixing intensities where the mass transport rates between the gas and the liquid phase are low.
Significance and conclusions
Both methods used, the slow additions of either benzyl chloride or sodium methylate, can be compared with respect to the conversion and selectivity. Slow addition of benzyl chloride gives a maximum conversion of 92% or a maximum selectivity of 90% in our experimental set-up: these maxima cannot be reached simultaneously.
With slow addition of sodium methylate a maximum conversion of 98% and a maximum selectivity of 100% can be reached at the same time. For an industrial application of the low pressure carbonylation process therefore the slow addition of sodium methylate is the best method, because almost no by-product is formed (selectivity 100%) and the amount of benzyl chloride that has to be recycled is minimal (conversion 98%).
It is also possible to compare the two methods on the basis of reaction rates. The consumption rate of CO as plotted in Fig. 6 is a direct measure of the reaction rate. Figure 6 (a) shows that the CO consumption rate, and therefore the reaction rate, for a slow addition of benzyl chloride is not constant during the first part of the reaction. This implies that the reaction rate is not only controlled by the addition rate of the reactant but also by another unknown variable.
For slow addition of sodium methylate ( Fig. 6(b) ) the reaction rate is constant until a benzyl chloride concentration of 0.2-0.4 mol 1-l is reached; after that the reaction rate starts to decrease. In the first part of the reaction at low addition rates the reaction rate is determined by the rate of supply of the sodium methylate. Comparison of the initial conditions shows that methods 1 and 2 differ strongly in the concentration of sodium methylate or benzyl chloride in the reaction mixture.
We have no explanation of how the sodium methylate concentration influences the reaction. High sodium methylate concentrations not only occur for slow addition of benzyl chloride but also when sodium methylate is added with relative high addition rates. Sawicki [20] slowly added benzyl chloride to the reaction mixture at 0 "c and at atmospheric CO pressure and obtained a product .yield of 5%. We obtained a product yield of 39% (conversion 57%, selectivity 69%) at 5 "c and at 0.72 MPa CO and a product yield of 68% at 33 "c and 0.23 MPa CO. Taking the difference in reaction conditions into account the results of Sawicki and ours are comparable.
We can also compare our results with the experiments of Dynamit Nobel A. G. under slightly different conditions: these were performed at 55 "c and a CO partial pressure of 0.4-0.6
MPa and a product yield of 98% was obtained.
We obtained a product yield of 93%-98% at process conditions of 30-40 "c and 0.4-0.8 MPa CO partial pressure. Our results therefore agree with those found by Dynamit Nobel A. G.
The results of our work can be summarized in the following conclusions.
(1) Carbonylation of benzyl chloride with high phenyl acetic methyl ester yields can be done under mild reaction conditions. 227 (2) To suppress undesirable side reactions one of the key reactants has to be added slowly to the reaction mixture.
(3) Slow addition of sodium methylate results in the highest conversions and selectivities.
(4) The conversion is maximal at an optimal CO pressure: too low pressures cause a CO shortage which decreases the reaction rate and increases the catalyst deactivation; too high CO pressures probably also cause a catalyst deactivation.
